Genome-wide association (GWA) mapping in potato requires high-density genotyping. With the Illumina SolCAP potato single-nucleotide polymorphism (SNP) array, a first tool for GWA mapping in potato became available. Thirty-six tetraploid varieties and eight diploid breeding clones were genotyped for 8303 SNPs using this array. The objectives of our study were to examine in this set of germplasm: (i) the degree of polymorphism of the SolCAP SNPs in European germplasm, (ii) the population structure, (iii) temporal trends of genetic diversity and (iv) the genome-wide extent of linkage disequilibrium (LD). Three-quarters of the SNPs were polymorphic. In the principal coordinate analysis, a clear separation of tetraploid from diploid genotypes was observed, whereas no distinct subgroups among the tetraploid varieties were detected. The nonlinear trendline of the LD measure r 2 vs. the physical map distance decayed within 275 bp to an r 2 value of 0.10, indicating that theoretically, about 3 million equally distributed SNPs are required for GWA mapping in this diverse set of germplasm. As the LD decay changes with the population selected for GWA mapping, the number of required markers might be different in other germplasm.
The cultivated potato (Solanum Group tuberosum) (Spooner et al. 2007 ) is the world's fourth most important crop after rice, wheat and maize. Recent results suggested a single domestication event for cultivated potato from S. brevicaule (Spooner et al. 2005) which occurred in the Andes Mountains of South America about 10 000 years ago. Since this time, different plant breeding techniques (for review see Simmonds 1993) have been used to adapt potato to the human requirements. Due to the tetraploidy of potato and the high number of selection criteria (Barocka and Ross 1985) , annual gain from selection in potato breeding was in the last 50 years lower than for other crop species (Douches et al. 1996) . The gain from selection, however, can be potentially increased by using marker-assisted selection approaches.
A prerequisite for marker-assisted selection in potato is the identification of markers, which are diagnostic for superior or inferior alleles at the loci contributing to the variation of a trait of interest (quantitative trait loci, QTL). Until recently, such markers have been identified in potato using linkage mapping approaches (e.g. Leonards-Schippers et al. 1994 , Zimnoch-Guzowska et al. 2000 , Bradshaw et al. 2004 , Khu et al. 2008 . The problem of such approaches, which are based on individual bi-parental segregating populations, is the low mapping resolution due to the low number of meioses that have occurred. Furthermore, the limited genetic background represented by bi-parental segregating population decreases the probability that the identified QTL can be broadly applied in marker-assisted selection programmes (for review see Stich and Melchinger 2010) .
In contrast, association mapping approaches are based on germplasm collections rather than individual bi-parental segregating populations. This allows to make use of historical recombination events and results in a high mapping resolution (Ersoz et al. 2007 ). Furthermore, when association mapping is performed in appropriate breeding materials, the results are expected to be broadly applicable (Stich and Melchinger 2010) . The most important constraint to the use of association mapping is the increased rate of false-positive associations, when the germplasm studied is genetically structured, that is, some genotypes are more closely related than the average (cf. Thornsberry et al. 2001) . Therefore, this aspect requires special attention.
A limited number of association mapping experiments have been performed so far in potato. Most of those were based on genotyping of candidate genes (e.g. Gebhardt et al. 2004 , Li et al. 2005 , Malosetti et al. 2007 , PajerowskaMukhtar et al. 2009 , Urbany et al. 2011 . Although the candidate gene approach was successful in identifying marker-trait associations, it is biased, because the candidate genes are selected based on information available from genetic, biochemical or physiological studies in both model and non-model plant species. The candidate gene approach is only straightforward when restricted to traits, of which the biochemical and molecular basis is well understood (Hall et al. 2010) . Furthermore, association mapping based on candidate genes always runs the risk of missing important, but unknown genes. In addition, candidate genes are often initially discovered from loss-of-function mutations in laboratory strains, and it is not clear how well such mutations describe the variation that actually underlies quantitative trait variation in natural populations (Hall et al. 2010) .
One association study used genome-wide distributed amplified fragment length polymorphism (AFLP) markers for genotyping (D'hoop et al. 2008) . However, AFLP markers are almost exclusively dominant which introduces a number of problems when using them for estimating population structure (Ritland 2005) or for direct use in mapping (Hall et al. 2010) . Moreover, AFLPs are anonymous and cannot readily be linked to the potato genome sequence (Xu et al. 2011) . Single-nucleotide polymor-phisms (SNPs) are the markers of choice for genome-wide association (GWA) mapping, as SNP alleles are co-dominant and the allele dosage in polyploid species can be estimated (Rickert et al. 2003) . In 2010, the Illumina SolCAP SNP genotyping array became available for genome-wide high-density SNP genotyping in potato. The SNPs were derived from the North American varieties 'Atlantic ' (1976) , 'Premier Russet' (2006) , 'Snowden' (1990) , 'Kennebec' (1948) and 'Shepody' (1980) , and the old variety 'Bintje' (1910) from the Netherlands (Hamilton et al. 2011) .
With this study, we want to set the stage for GWA mapping in potato using high-density SNP genotyping. Thus, our objectives were to examine: (i) how informative the SolCAP potato array would be in a set of tetraploid varieties bred over the past hundred years in Europe, (ii) whether population structure was detectable in this material, (iii) whether trends of genetic diversity can be observed over time and (iv) the genome-wide extent of linkage disequilibrium (LD). For comparison, we included in the analysis some diploid potato clones, which were parents of experimental populations used previously for linkage mapping of QTL.
Materials and Methods
Plant materials: Our study was based on 36 tetraploid and eight diploid potato clones (Table 1 ). The tetraploid varieties were selected based on the following criteria: (i) varieties that were important progenitors in the 20th century potato breeding history in Europe (http://www. plantbreeding.wur.nl/potatopedigree/index.html) and (ii) varieties with contrasting phenotypes for susceptibility to tuber bruising (Urbany et al. 2011) . The diploid clones included the parents of F 1 families, which have been used to construct molecular maps and to map qualitative and quantitative traits in potato (references in Table 1 ). Three diploid clones carried, based on pedigree information, genetic material from wild potato species. The clone P40 is an interspecific hybrid between S. tuberosum and S. speggazzinii (Barone et al. 1990 ). DG83 has in its pedigree S. tuberosum, S. chacoense and S. yungasense (Zimnoch-Guzowska et al. 2000) , and G87 is a mosaic genome with contributions of S. tuberosum, S. kurtzianum, S. tarijense, and S. vernei. Genomic DNA was extracted from freeze-dried leaves as described by Li et al. (2005) Oberhagemann et al. (1999) and purified using the DNeasy Plant Mini Kit (QIAGEN, Hilden, Germany) according to the supplier's instructions.
SNP genotyping:
The forty-six potato individuals were genotyped for 8303 SNPs using the SolCAP Potato genotyping array (Hamilton et al. 2011) . The array was processed by the Department of Genomics, Life & Brain Center, Bonn on an Illumina iScan system using the Infinium assay. For each SNP locus, one of five possible genotypes (AAAA, AAAB, AABB, ABBB or BBBB) was manually assigned to the individuals using the GenomeStudio Software version 2011.1 (Illumina).
In the possible case that there is a third allele present in the population, this would not be detected by the assay. Wherever possible, the cluster positions on the SNP Graph of the diploid individuals with the genotype AA, AB or BB were used as reference for the tetraploid individuals.
Statistical analyses: From the entire set of 8303 SNPs, those with an Illumina GenTrain score < 0.6 were discarded. Furthermore, all SNPs with a minor allele frequency < 0.05 as well as a rate of missing data > 20 % were excluded. The SNPs which passed these filters were used for the following analyses. The Rogers' distance (RD) was calculated according to Rogers (1972) . Associations among the groups were revealed with principal coordinate analysis (Gower 1966 ) based on RD estimates between all pairs of accessions as well as between all pairs of tetraploid clones. The gene diversity was calculated according to Nei (1987) . In order to adjust for the different sample sizes, a resampling simulation was performed as described by Stich et al. (2005) . The polymorphic information content (PIC) value was calculated for each SNP according to Botstein et al. (1980) . Bi-locus LD was characterized by the LD measure r 2 Robertson 1968, Achenbach et al. 2009 ), which was calculated for all pairs of SNPs located on the same superscaffold (Xu et al. 2011) . Curves of decay of LD with physical distance were fitted by nonlinear regression, where the expectation of r 2 between adjacent sites (Hill and Weir 1988) was considered (cf. Heuertz et al. 2006 ). Due to the small sample size of diploid clones, LD was only examined in the set of tetraploid clones. For all analyses described above, the dosage of the alleles at the individual SNPs was considered.
All analyses have been performed using the statistical software R (R Development Core Team 2011).
Results
From the total number of 8303 SNPs available on the SolCAP SNP array, 6119 SNPs fulfilled the criteria applied during SNP filtering. The PIC values of these SNPs ranged for the entire set of 44 potato clones from 0.04 to 0.50 with an average of 0.35 (Fig. 1) .
Rogers' distance estimates between all pairs of clones ranged from 0.14 to 0.37 (Fig. 2) . In principal coordinate analysis based on RD estimates of all clones, the first two principal coordinates explained 14.2% and 9.2% of the molecular variance (Fig. 3) . The tetraploid potato clones were clearly separated from the diploid clones with respect to the first principal coordinate. The diploid clones DG83, G87 and P40 were clearly separated from the other five diploid clones by the second principal coordinate.
In principal coordinate analysis based on RD estimates of the 38 tetraploid potato clones, the first two principal coordinates explained 9.1% and 6.8% of the molecular variance (Fig. 4) . This analysis revealed no distinct subgroups among the tetraploid potato clones. We observed no significant (a = 0.05) correlation between the RD estimates among all pairs of tetraploid potato clones and the difference in the year of release. Furthermore, the gene diversity calculated for four groups of tetraploid potato clones based on their release dates (1900-1960, 1961-1980, 1981-2000, and 2001-2010) revealed no significant (a = 0.05) difference.
The proportion of loci pairs with r 2 values > 0.1 (P r 2 [ 0:1 ) was 19.8% in the set of tetraploid potato clones, where P r 2 [ 0:8 was 0.7%. There was a rapid reduction in the magnitude of r 2 as physical map distance between the SNP markers increased (Fig. 5) . The trendline from the nonlinear regression reached an r 2 value of 0.1 at 265 bp.
Discussion
In a pilot experiment, we evaluated how informative the SolCAP potato genotyping array would be for European potato varieties released over the last hundred years. Thirty-six tetraploid varieties and eight diploid clones of various origin were genotyped for 8303 SNPs using the Illumina IScan platform. The genotypes for each SNP were manually called, as the available GenomeStudio software was not able to perform this task automatically for tetraploid individuals. The eight diploid individuals included in the set of tetraploid varieties were highly useful for this purpose, because the fluorescence signals for the genotypes AA, AB and BB marked the positions of tetraploid AAAA, AABB and BBBB genotypes and thereby facilitated the identification of AAAB and ABBB genotypes. After genotype calling, we excluded from the total number of 8303 SNPs present on the SolCAP potato genotyping array 959 SNPs (11.5%) with an Illumina GenTrain score < 0.6 (e.g. Namjou et al. 2009 ). The GenTrain score evaluates the confidence of the genotyping for each SNP on all samples and depends on the distance between the clusters and the fluorescence intensity. This proportion of SNPs with a low GenTrain score is in good accordance with the value reported for pea (Deulvot et al. 2010) . Our finding suggested that with manually edited genotype classes, the SolCAP potato genotyping array can provide also for tetraploid species SNP genotyping results with similar reliability as for diploid species. Recently, a software package for genotype calling in tetraploid species was published (Voorrips et al. 2011) , which might solve this problem in the future. From the remaining SNPs, only 23 had to be removed due to a high rate of missing data and 1202 SNPs based on the minor allele frequency threshold. Furthermore, 99.1 % of the SNPs showed a PIC value ≥ 0.1 and 44.6 % a PIC value ≥ 0.4 (Fig. 1 ). These results demonstrate that high polymorphism rates are detectable in historical and modern European germplasm with the SolCAP potato genotyping array, which has been developed based on five potato varieties from North America (Atlantic, Kennebec, Premier Russet, Shepody and Snowden) and one European variety (Bintje) (Hamilton et al. 2011) . The large number of SNP alleles shared between North American and European varieties can be explained by the history, according to which the potato was introduced into North America from Europe (Love 1999) . The SolCAP potato genotyping array can therefore be broadly applied for SNP genotyping in the S. tuberosum gene pool. It might be less suitable though in detecting more recent introgressions originating from national breeding programmes, for example, of resistance traits (Ross 1986 ).
Population structure and genetic diversity of S. tuberosum
The principal coordinate analysis revealed a clear separation between the tetraploid and the diploid potato clones with respect to the first principal coordinate (Fig. 3) . Our finding is in disagreement with the results of Simko et al. (2006) , who analysed 1 monoploid, 17 diploid and 29 tetraploid potato clones with 1100 SNPs present in approximately 25 kbp potato genomic sequence. These authors observed no subgroups, despite the fact that seven of the eight diploid genotypes of our study were also included in the study of Simko et al. (2006) . The reason for this discrepancy might be the lower number and low genome coverage of the SNPs analysed by Simko et al. (2006) or differences between the methods for detecting subgroups. The clear separation between the tetraploid and diploid genotypes in our study can explain why molecular markers that are diagnostic for a given trait in diploid linkage mapping populations might be of low diagnostic value in tetraploid varieties and breeding populations (Niew€ ohner et al. 1995) . In addition, our results indicate that association analysis should be performed separately for diploid and tetraploid potato genotypes.
The principal coordinate analysis revealed furthermore a clear separation of the diploid genotypes DG83, G87 and P40 from the other five diploid genotypes by the second principal coordinate (Fig. 4) . The reason for this observation might be that, based on pedigree information, large proportions of the genomes of DG83, G87 and P40 originated from wild Solanum species (Barone et al. 1990 , Oberhagemann et al. 1999 , Zimnoch-Guzowska et al. 2000 . The distinct group of five diploid genotypes originated from the diploid breeding programme conducted at the MPI for Plant Breeding Research in the seventies and eighties of the last century (Gebhardt et al. 1989) . As there is no pedigree information available for these clones, it is not possible to assess whether and which wild species contributed to their genomes.
In order to examine in detail the population structure of the tetraploid potato clones, a principal coordinate analysis was performed separately for these clones. This analysis revealed no distinct subgroups for the tetraploid potato clones (Fig. 4) . Our finding is in accordance with earlier results (Gebhardt et al. 2004 , Simko et al. 2004a ,b, Malosetti et al. 2007 , D'hoop et al. 2008 ) and can be explained by the fact that potato breeders disregard population structure when choosing the parents of a cross. This practice is expected to lead to the absence of distinct subpopulations.
The principal coordinate analysis revealed no correlation between population structure and the release date, despite a wide range of release dates with more than hundred years were covered in our study. Furthermore, the correlation between the RD estimates and the difference between the release dates were not significantly (a = 0.05) different from 0. Our observation is in contrast to the results of D'hoop et al. (2010) , who observed in a set of 430 tetraploid potato cultivars groups differing in year of market release. This difference might be due to the considerably higher number of cultivars evaluated by D'hoop et al. (2010) compared to our study, which increases the power to detect such correlations.
The analysis of the temporal trends of gene diversity of the tetraploid potato clones grouped by their release dates did not reveal significant differences (a = 0.05). This finding also contrasts studies in other crop species (e.g. Malysheva-Otto et al. 2007 , Bus et al. 2011 ) and might be due to our limited sample size. On the other hand, this finding might be because introgression and incorporation (Simmonds 1993) were more frequently applied in potato breeding than in other crop species. Therewith, our results suggest that potato breeding over the last hundred years neither significantly reduced nor dramatically increased genetic diversity. Thus, no genetic diversity enhancement programmes are urgently needed for European potato breeding programmes.
Genome-wide LD in tetraploid potato
In contrast to linkage mapping, association mapping uses the LD which is present in a germplasm set. We observed that the nonlinear trendline of the LD measure r 2 vs. the physical map distance decayed within 275 bp to an r 2 value of 0.10 (Fig. 5 ). This finding is in contrast to earlier results of tetraploid potato. Simko et al. (2006) observed that the r 2 value reached a value of 0.21 within about 1 kb distance and a value of 0.10 at a distance of about 10 cM, which suggests a considerably slower decay of LD compared to our study. The reason for this might be the different ways the SNPs were sampled in the two studies. Whereas Simko et al. (2006) used SNPs located within 100 bp, which were derived from the ends of BAC (bacterial artificial chromosome) insertions of approximately 70 kbp, the SNPs on the SolCAP array originated from genome-wide-distributed loci with, on average, much larger physical distances between them (Hamilton et al. 2011) . The former study's estimate of LD was based therefore on shorter physical distances than the estimate of our study, with the result of larger LD estimates. Furthermore, the BACs, of which the end sequences were analysed by Simko et al. (2006) , have been selected for containing resistance (R) gene homologs (Rickert et al. 2003) . Genomic regions containing R genes frequently show large sequence differences between alleles due to introgressions from wild species, which reduces recombination rates and thereby increases LD in such regions. D'hoop et al. (2010) reported that LD decayed on average at about 5 cM to r 2 values of 0.1. This figure was derived from 3300 AFLP and 650 microsatellite alleles. Based on a size of the potato genome of 844 Mbp (Xu et al. 2011 ) and a length of the genetic map in the order of 1000 cM (Gebhardt et al. 1991) , 5 cM corresponds to approximately 4 Mbp. This estimate for LD decay is orders of magnitude larger than the value found in our study and indicates the presence of large haplotype blocks in the population analysed by D'hoop et al. (2010) .
Considering a complex trait, a large QTL may explain approximately 10 % of the phenotypic variation. If a marker is in LD with the trait-coding locus with an r 2 value of 0.1, this marker explains 10 % of the total QTL variation and consequently 1 % of the phenotypic variation (Ersoz et al. 2007) . Results from computer simulations suggest that with currently used sizes of association mapping populations of about 300 genotypes such marker-trait associations could be detected with a reasonable statistical power (cf. Yu et al. 2006, Stich and Melchinger 2009 ).
The observed very rapid decay of LD suggests that theoretically, about 3 million genome-wide equally distributed SNPs are required to reach this goal in potato. According to this figure, the chance of detecting marker-trait associations by genotyping 8000 SNPs would be very low. In contrast, the association mapping experiments performed so far in populations of tetraploid potato genotypes did identify marker-trait associations by probing only minute physical portions of the potato genome, mostly at candidate loci for the traits of interest (Gebhardt et al. 2004 , Simko et al. 2004a , Li et al. 2005 , Malosetti et al. 2007 , Pajerowska-Mukhtar et al. 2009 ) but also when using a few hundred random AFLP markers (D'hoop et al. 2008 ). This discrepancy can have several reasons. First, the very rapid decay of LD observed in our study might be due to the use of a set of highly diverse genotypes when compared to the populations of tetraploid varieties and advanced breeding clones used for the abovementioned association mapping experiments. Second, the candidate loci are indeed the trait-coding loci or within short physical distance from the trait-coding loci.
